A new FI-type Zr-based catalyst of bis [N-(3,5-dicumylsalicylidene)anthracylaminato]zirconium(IV) dichloride was found to display a moderate ethylene polymerization activity of 42×10 4 g PE/mmol Zr. h with a viscosity average molecular weight (M v ) of 56×10 4 at the monomer pressure of 4 bars and temperature of 30 °C . HOMO (the highest occupied molecular orbital) and LUMO (the lowest unoccupied molecular orbital) energy level of the anionic phenoxyimine ligands, were calculated using HF/6-31G method. Plurality of the fused aromatic rings on the catalyst structure decreased the energy gap between the HOMO and LUMO, but could not increase the activity. The highest activity of the catalyst was obtained at about 30 ºC following a sharp decrease at higher temperature. The catalyst showed the high activity at about [Al]:[Zr]=80000:1 molar ratio and further addition did not affect the activity of the catalyst. Experimental results revealed that low HOMO energy level is not a necessity to reach high activity of the catalyst. Despite low HOMO energy level, the prepared catalyst displayed moderate polymerization activity. Either the activity of the catalyst or the viscosity average molecular weight of the obtained polymer was affected by the hydrogen concentration slightly. However, activity of the catalyst showed higher sensitivity to amount of hydrogen and increased with increasing the hydrogen concentration. Higher monomer pressure increased productivity, crystallinity and the M v values of the resulting polymer. Some specification of the obtained polymer was studied.
Introduction
In the realm of Ziegler-Natta polymerization, few systems have been developed that have the ability to polymerize olefins in a living fashion. Since the first discoveries by Ziegler-Natta [1] , numerous research groups have elucidated a wide range of potential available through selection of different metals and modification of ligand framework.
Following the successful design and application of group 4 metallocenes, in the last few years interest has been directed toward non-metallocene catalysts. In particular, bis(phenoxy-imine) group 4 metal catalysts, developed by Fujita caused a new revolution in the field of catalytic olefin polymerization [2] [3] [4] . Especially ethylene polymerization catalysts have been developed from phenoxy-imine and diimine ligands intensively. During the late 1990s as a result of systematic ligand design, Fujita and coworkers developed a family of early transition metal complexes, named FI catalysts. By incorporating bis(phenoxy-imine) chelating ligand design, highly active catalysts for α-olefin polymerization were obtained [5] . FI catalysts are very versatile. They are more tolerant to functional groups and produce polymers of variable structures, ranging from linear crystalline to highly branched amorphous polymers [6] [7] [8] [9] [10] .
Substantial effort has been devoted in the development of chelating the phenoxy imine ligands. Complexes derived from these ligands have been reported to lead to active polymerization catalysts [10] [11] [12] . It has been claimed that substitution position have strong and critical effect on activity of the catalyst, for example the substitution adjacent to the phenoxy oxygen atom of the catalyst has substantial effect on the activity [12] [13] [14] . Depending on the ligand design, the catalysts shows different behaviours in ethylene polymerization and the ligands strongly influenced catalyst parameters like activity, polymerization mechanism and polymer properties such as molecular weight [14, 15] .
Also, phenoxyimine Ni(ΙΙ) complexes discovered by Grubbs and coworkers provided neutral ethylene polymerization catalysts not requiring aluminum or boron activators, showing high activity and increased tolerance versus polar species [16] . A remarkable demonstration of ligand electronic tuning for improving catalytic activity is the development of the Grubbs ruthenium carbene metathesis catalysts. Although olefin polymerization catalysis can be considered a mature area, the research for new classes of catalysts is continuing in both academic and industrial laboratories.
In the present work, a new Zr-based FI catalyst was synthesized and used for ethylene polymerization. The catalytic performance is sensitive for the conditions of polymerization which is influenced by factors such as temperature, monomer concentration and catalyst/co-catalyst molar ratio. Therefore, mentioned factors in ethylene polymerization using the prepared catalyst were studied. Influence of hydrogen concentration on the polymerization activity and the viscosity average molecular weight was investigated. Some specifications of the resulting polymer were studied.
Result and discussion

Synthesis of Bis[N-(3,5-dicumylsalicylidene)-naphtylaminato]zirconium(IV) dichloride
The procedure adopted in the synthesis of compound 1 is outlined in Scheme 1.
Ethylene polymerization investigation
Ethylene polymerization using the prepared catalysts was carried out at the various conditions in order to investigate catalysts behavior. Triisobuthylaluminum (TIBA) and methylaluminoxane (MAO) were used as scavenger and cocatalyst respectively. The activity of the catalyst, R p (average) is expressed as g PE/(mmol Zr. h). The catalytic performance is sensitive to the polymerization conditions which are influenced by factors such as temperature, monomer concentration, catalyst/co-catalyst molar ratio and hydrogen concentration. As shown in Figure 1 , the activity of prepared catalyst increased with the addition of the [Al]/[Zr] molar ratio. It has been reported that the steric bulk ortho to the phenoxy oxygen provides steric protection toward the anionic phenoxy oxygen from coordination with lewis acidic compounds [17] . In the prepared catalysts existence of bulky cumyl groups especially on the ortho to the phenoxy oxygen prevents the catalyst from coordination to the cocatalyst following to easier coordination of ethylene to the active centers leading to increase in the activity of the catalyst [17, 18] . The polymerization results showed the usage of a ratio of at least 80000:1 is necessary to produce a reasonable active catalyst system. Using the [Al]/[Zr] molar ratio more than 120000 did not cause a further sensible enhancement in the activity of the catalyst. It is presumable that rigidity of the catalyst, sterically causes low β-hydride transfer, through destabilization of β-agostic interaction, lead to surviving the active sites and to decreases the necessary [Al]:[Zr] ratio which is needed to renew active Zr-C active centers. Scheme 1. Synthetic route to prepare the catalyst. M v measurements confirmed this presumption (Table 1) . M v of the obtained polymer using the prepared catalyst was higher than the polymer obtained using the similar FI Zr-based catalysts containing aniline or cyclohexyl ring on the N [13] . The increase in M v values is refereed to the steric repulsion between a β-hydrogen of growing polymer chain and aromatic fused rings substitutions on the imine-N which could diminish β-hydride elimination through destabilization of β -agostic interaction [18, 19] . Increasing of the polymerization temperature caused the activity of the catalysts to decrease. The decrease in the polymerization activity could be due to the β-hydride elimination reactions that take place at high temperature [20] . But higher temperature supplies the activation energy need for chain transfer reactions, especially β-hydride elimination [20] .
Tab
The influence of monomer pressure between 2 and 7 bars on the catalyst behavior was studied. The polymerization behavior is shown in Figure 3 . The higher the pressure of the monomer, the higher the activity of the catalyst observed. The behavior is mainly due to high concentration of the monomer close to the catalyst active centers [21, 22] . Ligand plays the predominant role in polymerization activity and it has been reported that the electronically flexible properties of ligands are a requirement for achieving high activity [23] . Electronically flexible ligand would be able to receive electrons from the coordinating ethylene through a metal and release electrons whenever required to facilitate the ethylene insertion process.
Generally active ligands usually possess well-balanced electron-donating and electron-withdrawing properties have a small energy gap between HOMO and LUMO [23, 24] . The lower HOMO energy level of the ligand increases the electrophilicity of the metal center leading to reduced activation energy for ethylene insertion which subsequently causes the activity enhancement. However, in the present study, computational study using HF/6-31G method revealed that prepared ligand which includes three fused aromatic rings (antracyl) on the N has lower HOMO energy (3.17 eV) than the ligand which has a single aromatic ring (3.02 eV), but showed lower polymerization activity. The calculated energy gap between HOMO and LUMO for the catalyst with a single aromatic ring on the N and the catalyst with three fused rings on the N was 8.23 and 7.31 eV respectively. Presumably the steric effect due to sterically overwhelming congestion derived from the aromatic substitutions affected the catalyst activity more than electronic effects. Figure 4 shows the molecular orbital of the ligand and optimized structure of phenoxyimine chelate ligand using HF/6-31G method.
(a) (b) (Table 1) .
Hydrogen was used as a chain transfer agent while the polymerization was carried out at the optimum conditions obtained before. The activity of the catalyst and the viscosity average molecular weight of the obtained polymer were changed partially. However, the large amount of hydrogen concentration could affect the activity of the catalyst more than molecular weight of the resulting polymer. Figure 5 shows the influence of the hydrogen concentration on the polymerization behavior and viscosity average molecular weight of the obtained polymer. 
Conclusions
Plurality of the fused aromatic rings on the catalyst structure not only decreased the energy gap between HOMO and LUMO, but affected the polymerization behavior and molecular weight of the resulting polymer Experimental results revealed that low HOMO energy level is not a necessity to reach high activity of the catalyst. Despite low HOMO energy level, the prepared catalyst displayed moderate polymerization activity. The results show the reciprocity of the electronic and steric effects on the catalyst activity. The highest activity of the catalyst was obtained at about 30 °C , while activity increased with addition of [Al]/[Zr] molar ratio and monomer pressure in the range studied. Crystallinity and melting point of the obtained polymer were between 55-60 % and 120-130 °C respectively. Higher pressure increased both the crystallinity and the M v values of the resulting polymer. Higher amount of hydrogen could slightly increase the activity of the catalyst.
Experimental part
Apparatus 1 H NMR spectrum was recorded on a Bruker BRX-100 AVANCE spectrometer. Polymer characterization and the polymerization procedure are explained elsewhere [25, 26] . The monomer was continually introduced to the reactor as polymerization proceeded. The viscosity average molecular weight (M v ) of some polymers was determined according to refs. 26 and 27. Density of the polymer was determined by using an Ohuas Voyager Pro VP64C balance with densitometer facility. Melting point of the polymer was measured using DSC PL model STA 780. Crystallinity of the polymer was determined according to ref. 28 . 
Reagents and Instruments
Tetrahydrofuran, dichloromethane, zirconium tetrachloride, phenol, 1-aminoanthracene and 4-toluenesulfonic acid (Merck, Germany), n-butyllithium and methylaluminoxane (as solution in toluene 10%) (Sigma Aldrich Chemicals) were used as received. Toluene (Iran, Petrochemical Co), was distilled over calcium hydride and stored over activated 13X and 4A type molecular sieves and sodium wire before use. Nitrogen gas (purity 99.99%) was supplied by Roham Co. (Tehran, Iran) and dried by passage through P 2 O 5 , KOH, activated silica gel and 4A molecular sieve columns. Decaline (purity 97%) was supplied by Merck Schuchardt OHG (Hohenbrun, Germany) and was used with antioxidant (0.1%, 2,6-di-tertbutyl-pcresol). All the catalyst preparation and polymerization procedure were carried out under dried N 2. Polymer characterization and the polymerization procedure are explained elsewhere [25, 26] . The monomer was continually introduced to the reactor as polymerization proceeded. The viscosity average molecular weight (M v ) of some polymers was determined according to refs. 26 and 27. Density of the polymer was determined by using an Ohuas Voyager Pro VP64C balance with densitometer facility. Melting point of the polymer was measured using DSC PL model STA 780. Crystallinity of the polymer was determined according to ref. 28 . Elemental analysis was performed on a Thermo Finnigan Flash 1112EA microanalyzer. 
Synthesis of 3,5-dicumylsalicylaldehyde
Synthesis of N-(3,5-dicumylsalicylidene)anthracylamine
To a stirred mixture of 3,5-dicumylsalicylaldehyde (10 mmol) in methanol (50 ml), 1-aminoantheracene (10.50 mmol) was added over a 5 min at room temperature in presence of trace amount of 4-toluenesulfonic acid as a catalyst. The solution was refluxed for 6 h, concentrated then recrystallized to pale brown solid using methanol. The yield of the reaction was about 78%. 
Synthesis of bis[N-(3,5-dicumylsalicylidene)-anthracylaminato]zirconium(IV) dichloride
To a stirred solution of N-(3,5-dicumylsalicylidene)anthracylamine (5 mmol) in dried THf (20 ml) at -78 °C , n-BuLi (1.6 M in n-hexane, 5.2 mmol) was added dropwise in 10 min. The solution was allowed to warm to room temperature. Solution of ZrCl 4 (2.5 mmol in THF) was added at 0 °C dropwise. The solution was stirred for 16 h at room temperature. Dried CH 2 Cl 2 (50 ml) was added to the solution and mixed for 15 min, the byproduct of LiCl was filtered out. The solid was washed with n-hexane and the organic filtrates was added to the solution and concentrated under vacuum to afford a pale yellow solid as the catalyst. 1 
Computational Study
Hartree-Fock (HF) calculation was done with Gaussian 98 program.
[29] The structure and HOMO energy level of the chelated ligands were calculated with standard basis set, 6-31G.
